A Lower Growth Rate from Recent Redshift Space Distortions than Expected from 

Planck 
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We perform a meta-study of recently published Redshift Space Distortion (RSD) measurements 
of the cosmological growth rate, f(z)cr&(z). We analyse the latest results from the 6dFGS, BOSS, 
LRG, WiggleZ and VIPERS galaxy redshift surveys, and compare the measurements to expectations 
from Planck. In this Letter we point out that the RSD measurements are consistently less than the 
values expected from Planck, and the relative scatter between the RSD measurements is lower than 
expected. Adopting the equation-of-state of dark energy, w, as a strawman for comparison purposes, 
we obtain a best-fit value of w = —0.74 ±0.07 from a joint fit to all recent measurements, in tension 
with the ACDM value of w = — 1 at greater than the three standard deviation level. However, 
the x 2 °f the resulting fit is 2.70 for 8 degrees of freedom, corresponding to a probability-to-exceed 
(PTE) of 0.952. On fitting for cr 8 , we find <7 8 =-722 ± 0.038, X 2 =2-91 and PTE = 0.940. Further, a 
simple constant in redshift for f(z)a$(z) provides an even better fit, with X 2 = 2.09 for a PTE of 
0.978. On changing the LRG results to an analysis with a longer maximum correlation scale, we find 
w = -0.78 ± 0.07, x 2 = 4.01, and PTE=0.856, a best fit constant value of 0.425 ±0.04, x 2 = 3.71, 
and PTE=0.883, or ct 8 = -741 ± 0.034, x 2 =4.05 and PTE = 0.852. A full resolution of this issue may 
require a more robust treatment of non-linear effects in RSD models, although the trend for a low 
as agrees with recent constraints on as and fi m from Sunyaev-Zeldovich cluster counts identified in 
Planck. 



Measurements of the growth rate of the cosmological 
matter density contrast are emerging as an increasingly 
important cosmological probe, particularly for dark en- 
ergy. A key advantage of growth rate measurements 
is that they probe dark energy independently of the 
background cosmic expansion, so can potentially distin- 
guish between dark energy models which would other- 
wise be indistinguishable at the background level. An 
increasingly curious picture may appear to be emerg- 
ing from several independent surveys, which consis- 
tently measure a growth rate lower than the value ex- 
pected of the ACDM model with Planck parameters 
(Planck Coll aboration et al ] |2013aTl . However, the scat- 
ter in the collected growth rate measurements is smaller 
than expected from the measured uncertainties. This 
suggests that the quoted uncertainties on growth rate 
measurements may be overestimated, or, alternatively, 
that some part of the analysis is consistently suppressing 
scatter in the measurements (or a combination of both 
cases). We briefly review how the peculiar velocities of 
galaxies can be used to measure the growth rate, then 
collect current growth rate measurements, and find a low 
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X 2 per degree of freedom for a range of w, tr 8 , and growth 
index 7. We then consider possible explanations for these 
results. 

The growth rate / is defined as / = d In G/d In a, where 
a is the scale factor, and G is the growth factor of the 
density contrast. Galaxy surveys are directly sensitive to 
f(z)as(z), where as is the power spectrum normalisation 
on scales of 8 hr 1 Mpc. The growth rate is often ap- 
proximated as f(z) = f2 m (z) 7 , where 7 = jy in Genera l 
Relativity with a cosmological constant ( Lmderl [2005( 1. 
We use this equation for f(z) only to fit for 7, combined 
with erg (z) calculated with fixed Planck parameters. To 
generate growth ra te models for w an d as we use CAMB 
(|Lewis et al.ll200Q[ ) with HALOFIT ([Smith et al.ll2003t ). 
Since we cannot set as directly, we vary the amplitude 
A s , which is directly related to a s . 

Most recent growth rate measurements come from in- 
ferring peculiar velocities indirectly from Redshift Space 
Distortio ns (RSDs) in a galaxy redshift survey, as pro- 
posed by lKaise"r1 (1987). This anisotropy was first mea- 
sured and used to estimate the growth rate by the 2dF- 
GRS ( Peacock et al.l [200lh . The growth rate has since 
been measured with a range of other techniques and 
surveys, with the RSD technique in the VVDS survey 
([Guzzo et al.l 120081) . QSO clustering and Ly a clustering 
(|da Angela et alj2008tlRoss et all2007tlViel et al.ll2004l) 
and a t z ~ in peculiar veloc ity surveys, ( Davis et al.l 
l20TTh iHudson fc Turnbulll 120121) . In this letter, we con- 
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Survey 



f(z)a 8 {z) 



Reference 



6dFGS 
LRG200 

LRGeo 

BOSS 

p=-0.19 



0.067 0.423 ± 0.055 Beutler et al. 
0.25 
0.37 
0.25 
0.37 
0.30 



0.3512 ± 0.0583 Samus hia et al. (2012) 
0.4602 ± 0.0378 
0.3665 ± 0.0601 
0.4031 ± 0.0586 

0.408 ±0.0552 Toieiro et al. (2012) 



0.60 0.433 ± 0.0662 
WiggleZ 0.44 0.413 ± 0.080 
0.60 0.390 ± 0.063 
0.437 ± 0.072 
0.47 ± 0.08 



Blake et al. (2012 



p=0.51 
p=0.56 q 73 

VIPERS 0.8 



de la Torre et al. 



TABLE I: Compilation of recent published values of f{z)a%{z) 
(ordered by redshift). We indicate the correlation coefficient 
p where the measurements are correlated in adjacent redshift 
bins (the 1 st and 3 rd redshift bins in the WiggleZ survey are 
uncorrelated) . 



Parameter ACDM, Planck 


Best fit 


x 2 


PTE 


W 
7 

Constant 


-1 

0.834 ± 0.027 

_6_ 


-0.74 ± 0.07 
0.722 ± 0.038 
0.778 ± 0.16 
0.415 ± 0.042 


2.70 
2.91 
3.18 
2.09 


0.952 
0.940 
0.923 
0.978 


w 
a s 

7 

Constant 


-1 

0.834 ± 0.027 

6 
11 


-0.78 ± 0.07 
0.741 ± 0.034 
0.740 ± 0.14 
0.425 ± 0.038 


4.01 
4.05 
4.05 
3.71 


0.856 
0.852 
0.853 
0.883 



TABLE II: x 2 an d corresponding Probability To Exceed 
(PTE) for the best fits to tu, ffs, 7 and also a single constant 
value for the growth rate. We indicate the expected values 
of w and 7 in ACDM, and the m easured value of erg from 
iPlanck Collaboration et al.l (|2013aT ). The first set of results 
is for the LRG60 data set, and the second set is for LRG200- 
Both data sets have 8 degrees of freedom. 



sider only growth rate measurements with RSDs, with 
published values of /(z)tTg(z), as summarised in TableQ] 
We consider the x 2 statistic, given by 



X 2 = {x — x) C 1 (x — x) 



(1) 



where a; is a vector of observed values, a; is a vector of 
corresponding values from a model for x, and C is the 
covar iance matrix for the measurements. 

In iToieiro et ail (|2012f ). the growth rate from the 
BOSS survey was fitted at four correlated redshift values, 
although the publicly available covariance matrix is for 
three redshift measurements, to reduce correlations be- 
tween the measurements. We find that even with three 
redshift bins, the block-diagonal covariance matrix is too 
highly correlated, and thus we do not include the highly 
correlated intermediate redshift measurement. We anal- 
yse the data with two different measurements from the 
LRG survey, with a maximum correlation length of 200 
/i _1 Mpc (LRG200) and also with a maximum correlation 
length of 60 /i _1 Mpc (LRGgo) - we do not analyse the 
data with both LRG200 an d LRGgo simultaneously. For 
both data sets, we calculate conditional best fit param- 
eters, and the corresponding x 2 for w, as, and 7, with 
other parameters fixed. For comparison, we also fit the 
measurements to a single, constant value of f(z)as(z) 
that does not vary with redshift. The results are sum- 
marised in table HU 

We note that in fact the best fit to the data (in terms 
of minimum x 2 ) is a single, constant value, that is, there 
is no preference for a model with any change in the 
growth rate. We find when varying w a best fit value 
> —1, or when varying erg a best fit value less than the 
Planck value of 0.834±0.027 (jPlanck Collaboration et al.l 
2013a). When varying 7, we find a best fit value higher 
than expected in General Relativity. In Figure [1] we 
plot the growth rate measurements from Table HI with 
growth rate models for ACDM, and also for our best fit 
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FIG. 1: Comparing recent measurements of f(z)as(z) to mod- 
els for a range of w. We are plotting results for the LRG60 
data set. The measurement error bars are at the 1 standard 
deviation uncertainty level. The dashed line is the expected 
growth rate from ACDM with Planck parameters, and the 
solid line is the best-fit growth rate for a variable w, with the 
1 and 2 standard deviation uncertainty illustrated with the 
shaded regions. We note that all the measurements include 
our best fit model at the 1 standard deviation uncertainty 
level, which is reflected in the low x 2 m Table ITU 



w = -0.74 ± 0.07 with the LRG 60 data set. We note 
that the PTE decreases with the LRG200 data set, since 
the LRG200 measurements have a larger scatter than the 
LRGgo measurements. This is likely due to the fact that 
most of the coherent clustering signal is due to correla- 
tions on scales less than 100 /i -1 Mpc, so the additional 
correlations are effectively adding noise to the signal. 

Although we find that at face value, the current growth 
rate measurements appear to suggest w > — 1 or a low 
value of as , we also emphasise the low \ 2 I n dof we find in 
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the data. While only additional observations will deter- 
mine whether this trend is truly statistically significant, 
the results already in hand appear to suggest that either 
the quoted uncertainties have been overestimated, or the 
analysis is suppressing genuine scatter in the measure- 
ments. 

In most recent results, the uncertainties have been es- 
timated from several hundred simulated realisations of 
the survey, from which the uncertainty (and the covari- 
ance between measurements, in the case of several red- 
shift bins) can be deduced from the scatter in the re- 
alisations. Although it may appear that the uncertain- 
ties on the measurements have been overestimated, good 
agreement between the quote d values and Fisher fore- 
casts (e.g., IWhite et al.l l2009h of the minimum intrinsic 
statistica l uncertaint i es sug gests that this is not the case, 
although iReid et al.l ( 20121) note that the uncertainties 
in the BOSS growth rate measurements are around 40% 
larger than the Fisher matrix predictions. 

Perhaps the stage of an RSD analysis most likely 
to introduce a systematic shift, and artificially reduce 
the scatter, may be in fitting a model to the two- 
dimensional two-point corre l ation function (or power 
spectrum). iParkinson et al.l ( 20121 ) analysed simulated 
catalogues for the WiggleZ survey with a range of mod- 
els for the RSD effect, and found that measurements of 
Q m (which is directly sensitive to the growth rate) were 
highly dependent on the model used. In particular, the 
model of a HALOFIT P(k) with a linear model for the 



redshift space distortion recovered a lower fi m compared 
to the fiducial value on which the simulation was based. 

The preference for a lower growth rate or 
(78 appears to agree with r ecent results from 
iPlanck Collaboration et al.l (|2013bl) . studying Sunyaev- 
Zeldovich (SZ) cluster counts, who find ag = 0.77 ± 0.02 
and Q m = 0.29 ± 0.02. Collectively, these results 
may be suggesting that ACDM does not fully model 
simultaneously the Cosmic Microwave Background and 
the Universe at z < 1. However, future work will require 
detailed work with simul ated catalogues for a range of 
cosm ological models (e.g.. |Jenningsll20T2l : I Jennings et al.l 
2012) and an improved understanding of the relationship 
between the observed galaxies, the pec uliar velocity field , 
and the underlying dark matter fe.g.. lReves et al.ll2010t 
ISherwin et al.l l2012h . before we can more robustly use 
RSD measurements to study departures from ACDM. 
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